Introduction {#S0001}
============

Airway inflammation, airway remodeling and hyperresponsiveness are the fundamental components of pathogenesis that lead to symptoms and lung function changes in asthma \[[@CIT0001], [@CIT0002]\], which are often accompanied by formation of new blood vessels (angiogenesis). Vessel number and size, vascular surface area and vascular leakage are all increased in biopsies from patients with asthma. These contribute to the airway obstruction or airway hyper-responsiveness, or both \[[@CIT0003]\]. Common medications used to treat asthma are glucocorticoids, leukotriene receptor antagonists and theophylline \[[@CIT0004]\]. And corticosteroids are the most effective drugs to suppress airway inflammation, mainly by reducing pro-inflammatory cytokines \[[@CIT0005]--[@CIT0007]\]. In addition, corticosteroids seem to reverse asthma-induced airway remodeling, including the increased vascularity of the bronchial wall \[[@CIT0008]\], partly through regulating target genes to suppress the vascular elements of angiogenesis \[[@CIT0009]\]. Despite the complex actions of inflammatory mediators on vascular endothelial and smooth muscle cells, the mechanisms of inhaled corticosteroids to inhibit angiogenesis have not been completely clarified. Since disease severity in asthma seems to correlate with airway vascularity, the molecular mechanism of inhaled corticosteroid may be of important value.

Previous studies demonstrate that vascular endothelial growth factor (VEGF) plays a key role in the formation of the initial vascular plexus and mediates the process of angiogenesis \[[@CIT0010]\]. Vascular endothelial growth factor is suggested to be a possible mediator in the anti-angiogenic effect of budesonide, while the nuclear transcription factor which regulates VEGF expression in angiogenesis is to be investigated. Recently, VEGF was found to be mediated by hypoxia inducible factor-1α (HIF-1α) in asthmatic patients \[[@CIT0011]\]. Hypoxia inducible factor-1α is a heterodimeric basic-helix-loop-helix-PAS domain transcription factor that mediates gene expression in response to changes of oxygen concentration \[[@CIT0012]--[@CIT0014]\]. Injection of mice with a constitutively active form of HIF-1α was sufficient to induce angiogenesis of nonischemic tissue *in vivo*, which suggests that HIF-1α plays a role in angiogenesis. In our study, we decided to assess the effects and molecular mechanisms of budesonide on angiogenesis in asthma. The changes of airway inflammation and percentage vascularity were examined, and the relationships between angiogenesis and HIF-1α and VEGF expression were tested. Moreover, we elucidated the effects of budesonide on HIF-1α and VEGF expression.

Material and methods {#S0002}
====================

Animals {#S20003}
-------

Female BALB/C mice (6-8 weeks old, *n* = 30) were purchased from the animal experiments center of Shandong University. They were housed under conditions of constant temperature (about 23°C) and a 12 h light/dark cycle, and given free access to food and water. All animal experiments conducted in this study were in accordance with the Guide for the Care and Use of Laboratory Animals.

OVA-induced asthma in mice {#S20004}
--------------------------

Most studies on asthma mechanisms use a single allergen challenge model \[[@CIT0015]\], OVA-induced asthma was widely used as described: mice were sensitized by an injection (200 µl *i.p*.) of 100 µg chicken ovalbumin (OVA, Sigma) emulsified in aluminum hydroxide (1 mg) on days 1 and 14. From day 21, mice were challenged with 2% OVA twice a week via a nebula (Bestneb Nebuliier) in the experimental chambers. Mice were divided into three groups randomly and treated differently (*n* = 10). In the OVA group: murine models of asthma were sensitized and challenged with OVA twice a week as stated. In the BUD group: OVA-sensitized and challenged mice were administered with inhaled budesonide (100 µg/kg) daily from day 28, an hour before OVA challenge via the nebula. In the PBS group: normal control mice were sensitized and challenged with the placebo of phosphate-buffered saline (PBS).

Challenged for 12 weeks, mice of three groups were anesthetized with 1% pentobarbital sodium (30 mg/kg *i.p*.). Lungs were saved for histological examination.

Histological analysis {#S20005}
---------------------

Lungs were inflated with 4% paraformaldehyde, processed in paraffin-embedded blocks. Five-µm sections were stained with hematoxylin and eosin. Images were scanned on the microscope (Leica, DM4000B) with the software (Leica IM 50 Image Manager). The degree of peribronchial inflammation was assessed according to the following histological grading system: (1) absence of peribronchial inflammatory cells, (2) a few scattered peribronchial inflammatory cells involving less than 25% of the circumference of the bronchus, (3) focal peribronchial inflammatory cell infiltrate not completely surrounding a bronchus (i.e., involving approximately 25-75% of the circumference of the bronchus), (4) one definite layer of peribronchial inflammatory cells completely surrounding a bronchus, (5) 2 definite layers of peribronchial inflammatory cells completely surrounding a bronchus, and (6) 3 or more layers of peribronchial inflammatory cells completely surrounding a bronchus. In each lung section the mean peribronchial inflammatory index was calculated by adding the index values of all the individual bronchioles in the lung section and dividing the index by the number of bronchioles present in the lung section \[[@CIT0016]\].

VEGF and HIF-1α expression and percentage vascularity by immunohistochemistry {#S20006}
-----------------------------------------------------------------------------

Paraffin sections of lung were deparaffinized, dehydrated, and exposed to 3% H~2~O~2~ for 15 min to inhibit endogenous peroxidase. After boiling in sodium citrate (0.01 mol/l, pH 6.0) for antigen retrieval to unmask antigen epitopes and blocking with 3% bovine serum albumin, sections were incubated with primary antibodies to von Willebrand factor (vWF) (Gene Tech), VEGF and HIF-1α (Santa Cruz, 1: 200) overnight at 4°C respectively. Biotinylated secondary antibodies were used and detected by SABC Elite kit reagents, followed by incubation with diaminobenzidine.Vasculature was labeled with antibody to vWF that binds uniformly to the surface of endothelial cells. All subsequent steps were performed on a ZSGB-BIO Autostainer. A random HPF (200X) was selected, and the vWF-positive area was divided by the total area of the image field, which yielded the percentage vascularity (%). The scale of quantification for VEGF was calculated as the percentage of immunostaining bronchial epithelial cells (%). HIF-1 expression was calculated as the percentage of immunostaining alveolar epithelial cells (%).

Measurement of VEGF and HIF-1α expression by Western blotting {#S20007}
-------------------------------------------------------------

Lung tissue was homogenized in the presence of protease inhibitors to obtain extract of lung protein. The concentration was determined using BCA-100 protein quantitative analysis kit (Shenergy Biocolor BioScience&Technology Company). For Western blotting analysis, an equal amount of protein (30 µg) from each group was loaded on an SDS-polyacrylamide gel, then transferred to nitrocellulose membrane. The membrane was blocked with 5% nonfat milk in Tris-buffered saline Tween 20 (25 mM Tris pH 7.5, 150 mM NaCl, and 0.1% Tween 20) for 1 h, and incubated with primary anti-VEGF or anti-HIF-1 antibody overnight at 4°C, then hybridized with the secondary antibody (Dako, 1: 2000). Specific binding was revealed by enhanced chemiluminescence (Santa Cruz Biotechnology). For the loading control, the membrane was incubated with anti-β-actin (1: 1000, ABcam Biotechnology). X-ray film was scanned with a computer-assisted densitometer to quantify band optical density (AlphaImager 2200). The relative ratios of VEGF or HIF-1α level to β-actin level were calculated.

Statistical analysis {#S20008}
--------------------

The results were expressed as mean ± SEM and compared between groups by one-way ANOVA with subsequent *post hoc* test or Mann-Whitney test dependent on distribution of data. The correlation of VEGF and HIF-1α expression ratios with percentage vascularity were evaluated by Spearman\'s test. A value of *p* of less than 0.05 was considered statistically significant.

Results {#S0009}
=======

Budesonide ameliorates allergic airway inflammation {#S20010}
---------------------------------------------------

Histological analysis revealed typical pathological features of asthma in the OVA group ([Figure 1](#F0001){ref-type="fig"}). Numerous inflammatory cells infiltrated around the bronchioles, accompanied with bronchial epithelial injury. The inflammation index was increased significantly in the OVA group compared with that in the PBS group (4.80 ±0.20 vs. 1.60 ±0.16, *p* \< 0.01). Administration of budesonide markedly ameliorated airway inflammation, inflammatory cells were reduced and bronchial epithelial injury was to a lesser extent. There was a significant difference of the inflammation index between the BUD group and the OVA group (2.90 ±0.18 vs. 4.80 ±0.20, *p* \< 0.01).

![Histopathological sections from lung tissue of mice. Typical pathological features of asthma were revealed in the OVA group, numerous inflammatory cells infiltrated and epithelial injuries were also found. The inflammation index was increased significantly compared with that in the PBS group. Administration of budesonide markedly reduced the inflammation index compared with that in the OVA group. **A** -- OVA group, **B** -- BUD group, **C** -- PBS group, **D** -- inflammation indexes of each group. Magnification is 200×\
Data are shown as mean ± SEM; \*\*p \< 0.01](AMS-9-20248-g001){#F0001}

Budesonide reduces angiogenesis {#S20011}
-------------------------------

Vessels sprouted after OVA challenge ([Figure 2](#F0002){ref-type="fig"}). Percentage vascularity was increased significantly in the OVA group compared with that in the PBS group (2.83 ±0.90 vs. 0.42 ±0.10, *p* \< 0.001), and was decreased greatly after administration of budesonide. There was a significant difference of percentage vascularity between the BUD group and the OVA group (0.78 ±0.14 vs. 2.83 ±0.90, *p* \< 0.01).

![vWF-positive vessel area in lung tissue of mice. Vessel area was significantly increased in the OVA group compared with that in the PBS group, and was reduced in the BUD group. **A** -- OVA group, **B** -- BUD group, **C** -- PBS group, **D** -- percentage of vascularity. Magnification is 200×\
Data are shown as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001](AMS-9-20248-g002){#F0002}

Budesonide reduces VEGF expression {#S20012}
----------------------------------

VEGF expression was significantly increased in the OVA group, expressed in bronchial epithelial cells, and also in the alveolar epithelial cells and endothelia (OVA group 93.30 ±1.54 PBS group 23.10 ±2.81, *p* \< 0.001). Also budesonide greatly reduced VEGF level (BUD group 26.30 ±1.03 vs. OVA group 93.30 ±1.54, *p* \< 0.001), nearly to the normal level of the PBS group (BUD group 26.30 ±1.03 vs. PBS group 23.10 ±2.81, *p* \> 0.05). Consistent with the results of immunohistochemistry ([Figure 3](#F0003){ref-type="fig"}), the relative ratio of VEGF to β-actin level by Western blotting ([Figure 4](#F0004){ref-type="fig"}) revealed that VEGF expression was increased significantly in the OVA group compared with that of the PBS group (2.08 ±0.30 vs. 0.96 ±0.30, *p* \< 0.01), and was decreased after administration of budesonide compared with that in the OVA group (1.12 ±0.22 vs. 0.08 ±0.30, *p* \< 0.01). There was no difference between the BUD group and the PBS group (1.12 ±0.22 vs. 0.96 ±0.30, *p* \> 0.05).

![VEGF expression in lung tissue of mice. VEGF expression was increased in the OVA group compared with that in the PBS group, and reduced in the BUD group. **A** -- OVA group, **B** -- BUD group, **C** -- PBS group, **D** -- percentage of immunostaining bronchial epithelial cells. Magnification is 200×\
Data are shown as mean ± SEM. \*\*\*p \< 0.001. NS -- not statistically significant](AMS-9-20248-g003){#F0003}

![VEGF and HIF-1 expression by Western blotting. Consistent with the results of immunohistochemistry, the relative ratios of VEGF and HIF-1α to β-actin level revealed that both were significantly upregulated in the OVA group compared with those in the PBS group, and were downregulated in the BUD group. **A** -- X-ray film by Western blotting, **B** -- relative ratio of VEGF to β-actin, **C** -- relative ratio of HIF-1α to β-actin\
Data are shown as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01. NS -- not statistically significant](AMS-9-20248-g004){#F0004}

Budesonide reduces HIF-1α expression {#S20013}
------------------------------------

To further clarify the anti-angiogenic mechanism of budesonide, we measured HIF-1α level in lung tissue. In the normal mice of the PBS group, only a few HIF-1α positive cells were tested, while HIF-1α expression was markedly increased in the nuclei of alveolar epithelia of the OVA group (OVA group 89.60 ±0.79 vs. PBS group 11.70 ±0.30, *p* \< 0.001). Also budesonide greatly reduced HIF-1α level (BUD group 71.70 ±1.40 vs. OVA group 89.60 ±0.79, *p* \< 0.001). Consistent with the results of immunohistochemistry ([Figure 5](#F0005){ref-type="fig"}), the relative ratio of HIF-1α to β-actin level by Western blotting ([Figure 4](#F0004){ref-type="fig"}) revealed that HIF-1α expression was significantly upregulated in the OVA group compared with that in the PBS group (0.97 ±0.47 vs. 0.32 ±0.12, *p* \< 0.01) and was downregulated in the BUD group compared with that in the OVA group (0.88 ±0.41 vs. 0.97 ±0.47, *p* \< 0.05).

![HIF-1α expression in lung tissue of mice. HIF-1α expression was upregulated in the OVA group, mostly expressed in the nuclei of alveolar epithelium, and was reduced in the BUD group. **A** -- OVA group, **B** -- BUD group, **C** -- PBS group, **D** -- percentage of immunostaining alveolar epithelial cells. Magnification is 400×\
\*\*\*p \< 0.001](AMS-9-20248-g005){#F0005}

Correlation of VEGF and HIF-1α expression with percentage vascularity {#S20014}
---------------------------------------------------------------------

Percentage vascularity had a significant positive correlation with VEGF expression (*r* = 0.693, *p* \< 0.01), also with HIF-1α expression (*r* = 0.785, *p* \< 0.01) by Western blotting. Furthermore, there was significant positive relationship between HIF-1α and VEGF expression (*r* = 0.641, *p* \< 0.05).

Discussion {#S0015}
==========

To investigate the effect of budesonide on angiogenesis in asthma, we examined the influx of inflammatory cells and changes of percentage vascularity. In the lung tissue of murine asthma models, numerous inflammatory cells infiltrated around the bronchioles, and bronchial epithelial injuries were also found. Infection is an important trigger of exacerbation of bronchial asthma \[[@CIT0017]\]. Effector cells of inflammation (lung mast cells, basophils, eosinophils, macrophages, etc.) may be the major sources of a vast array of angiogenic factors. Corresponding with the reports that bronchial vascularity was increased in patients with asthma \[[@CIT0018]--[@CIT0020]\], percentage vascularity was increased significantly in murine models of asthma. And administration of budesonide not only ameliorated the airway inflammation, but also significantly reduced the vascularity in our study. The findings confirm that budesonide has an anti-angiogenic effect in asthma.

In murine asthma models, VEGF expression was increased in bronchial epithelial cells, alveolar epithelial cells and vascular endothelia. The VEGF expression was elucidated to be positively correlated with percentage vascularity. As known, VEGF has a critical role in the initial vascular plexus and the process of angiogenesis \[[@CIT0021], [@CIT0022]\]. And budesonide markedly reduced VEGF expression in our study; thus the functions of increasing proliferation of endothelial cells, promoting angiogenesis and vascular maturation were inhibited, finally reducing the percentage vascularity in the BUD group. Decreased VEGF level was suggested to be an explanation for the anti-angiogenic effect of budesonide.

The regulatory factor of VEGF remains to be elucidated. In our study, a positive correlation between HIF-1α and VEGF was demonstrated in asthma. Recent studies showed that activation of VEGF was mediated by HIF-1 in androgen-sensitive tumors \[[@CIT0023]\], and further inhibition of HIF-1 using siRNA introduction or chemical inhibition suppressed VEGF induction in TCL1 cells \[[@CIT0024]\]. These confirmed the HIF-1 -- hypoxia response element (HRE) -- VEGF signaling cascade \[[@CIT0025]\]. In the hypoxia condition of asthma, HIF-1α expression is increased and eventually acts as a master regulator of numerous hypoxia-inducible genes. HIF-1α level was positively correlated with percentage vascularity. The angiogenic effect of HIF-1α was also confirmed in the report that injection of mice with a constitutively active form of HIF-1 was sufficient to induce angiogenesis of nonischemic tissue *in vivo* \[[@CIT0026]\]. Furthermore, a key role of HIF-1 in angiogenesis has been revealed using allele HIF-1-knockout mice, which developed impaired pulmonary vascular remodeling when subjected to chronic hypoxia \[[@CIT0027]\]. As the oxygen regulator subunit, HIF-1α determines HIF-1 activity. The positive correlation of HIF-1α with both percentage vascularity and VEGF in our study indicates hypoxia-induced angiogenesis as a result of the increased expression of HIF-1α and its important target gene VEGF. When hypoxia was ameliorated after administration of budesonide, both VEGF and HIF-1α expression were reduced, airway inflammation was inhibited, and vascularity was also reduced with the downregulation of these angiogenic factors. While the inhibitory effect of budesonide on HIF-1α was apparently weaker than that on VEGF, other mechanisms to reduce VEGF might be involved. A recent study demonstrated that the inhibitory effect of budesonide on VEGF expression was suppressed by mifepristone (RU 486), a glucocorticoid receptor antagonist, suggesting that budesonide reduces VEGF expression partly through its glucocorticoid receptor-mediated action \[[@CIT0028]\].

Taken together, we demonstrate that budesonide inhibits airway angiogenesis in asthma, and also significantly reduces VEGF and HIF-1α expression. Both VEGF and HIF-1α play key roles in angiogenesis and VEGF is the important target gene of HIF-1α. The anti-angiogenic effect of budesonide was presumably through the down-regulation of HIF-1α and VEGF expression. As one of the widely used conventional agents of inhalational corticosteroids \[[@CIT0029]\], budesonide reduces angiogenic factor expression and vascularity, and thus modulates airway remodeling in asthma. These results support a potential anti-remodeling role for budesonide in the treatment of human asthma.

In conclusion, these results demonstrate that budesonide has an important inhibitory effect on angiogenesis in asthma. Inhaled administration of budesonide achieved anti-angiogenic activity through inhibition of HIF and VEGF expression. The results support a potential anti-remodeling role for budesonide in the treatment of human asthma.
